rainfall events (Easterling, 1990; Houghton et al., 1990). These changes in rainfall patterns and intensities may
conversion to nonnative annual grasslands for grazing conversion of coastal sage scrub to annual grasslands increases hillslope nutrient losses and may affect stream water quality in the region. (Davis et al., 1994) . Throughout California, the area of sage scrub habitat has been reduced to 10 to 15% of its former extent (Westman, 1981) , but few studies have examined the potential impacts of this loss of sage scrub T he Mediterranean climate of the Central Coast habitat on nutrient export from hillslopes. of California commonly produces rainfall events
Rainfall simulation experiments allow us to study the that are episodic in nature and of relatively short durafactors controlling the quantity and forms of nutrients tion with very high intensities. These rainstorms often lost from hillslopes via overland flow. With a rainfall generate substantial surface runoff with the potential simulator, we can apply rainfall with realistic raindrop for accompanying soil and nutrient losses (Wells, 1982) .
sizes and velocities to small hillslope plots and quantify On an annual basis, the flux of dissolved and particulate both the discharge from overland flow and the rates of nutrients from hillslopes by overland flow is often of sediment transported from the plot in the runoff. We greater magnitude than nutrient transport by subsurface can then estimate plot-level nutrient losses via overland flow Viney, 2000) . Surface runoff flow by analyzing the nutrient contents of the runoff can remove large quantities of nutrients from the soil in both dissolved and sediment-bound forms (Gifford water and suspended sediments. By conducting a series and Busby, 1973; Lowrance and Williams, 1988) . Howof rainfall simulations with varied rainfall intensities ever, the high degree of temporal and spatial variability on plots with different characteristics, we can begin to in the distribution of surface runoff makes it difficult predict hillslope-scale nutrient losses under natural rainto conduct studies on nutrient transport by this process.
fall conditions. An adequate understanding of nutrient transport by Our primary objective was to determine the magnisurface runoff is necessary if we want to understand the tude of solute and sediment C and N loss occurring by watershed biogeochemistry of the Central Coast region overland flow from coastal sage scrub and grassland hillof California and similar areas.
slopes. We also looked at the short-term effects of cattle The role of surface runoff in nutrient dynamics betrampling on nutrient losses from sage scrub hillslopes. comes particularly important in light of global climate With plots of both vegetation types, we focused particuchange scenarios. Predictions from climate change modlar attention on hillslope sediment-bound nutrient losses, els for continental North America include the "repackwhich are inherently difficult to measure (Lowrance and aging" of total annual rainfall into fewer, more intense Williams, 1988) and often ignored in similar studies. Simulations were performed with and without raindrop impact to study the processes associated with nutrient 
METHODS

Nutrient Analyses Study Area
The fluxes of C and N in sediments were determined by collecting 1-L runoff samples approximately every 3 to 5 min. All rainfall simulations were conducted on hillslopes loThese runoff samples were then filtered through a Whatman cated in Sedgwick Ranch, a University of California Natural (Maidstone, UK) #1 paper filter and the sediment was weighed Reserve in the Santa Ynez Valley near Santa Barbara, Califorto quantify the sediment load suspended in each runoff sample. nia. The soils are generally silty clay loams with smectitic-type
The sediments were analyzed for C and N content on a Fisons clays; further details of the soils can be found in Gessler et (Danvers, MA) NA1500 C/N analyzer. There were no measural. (2000) and Shipman (1972) .
able quantities of inorganic C in the sediment (as determined Rainfall simulations were conducted on a total of nine by acid digestion), so total C content was assumed to be equivannual grassland plots and six sage scrub plots (Table 1) .
alent to organic C content. Sage scrub habitats are dominated primarily by the perennials A second set of runoff samples (50 mL) was collected every California sage (Artemisia californica Less.) and purple sage 3 to 5 min for analysis of dissolved nutrients. These samples (Salvia leucophylla Greene). Annual grassland habitats are were kept on ice in the field and filtered with a Whatman #1 dominated by grasses such as brome grass (Bromus spp.) and filter to remove particulates, and the flow-through was frozen Mediterranean barley (Hordeum murinum L.). The grassland for later analyses. The NH ϩ 4 and NO Ϫ 3 concentrations in the plots, like most of the annual grasslands in the region, have runoff were determined using a Lachat (Milwaukee, WI) autobeen historically grazed by cattle. The coastal sage scrub analyzer. Ammonium was analyzed using the diffusion method plots were ungrazed. Hillslope angles in both sage scrub and (Lachat Method #31-107-06-5-A) and NO Ϫ 3 was analyzed using grass plots ranged from 4 to 25 degrees (Table 1) . Vegetation Griess-Ilovsay reaction after Cd reduction (Lachat Method cover density on each plot was measured with a pin frame at #12-107-04-1-B). To estimate dissolved organic C and N con-10-cm intervals.
centrations, the samples were digested in an autoclave using The history of vegetation conversion in the study area is a persulfate digestion technique (A.P. Doyle, personal comunclear, but the earliest aerial photos from Sedgwick Ranch munication, 2000). The digested and undigested samples were suggest that the present distribution of vegetation was estabthen analyzed on a Lachat autoanalyzer for NO Ϫ 3 and CO 2Ϫ 3 . lished before the 1930s. Hamilton (1997) speculates that most
The differences in total dissolved C and N concentrations annual grasslands in the area were formerly dominated by between the digested and undigested samples represent the coastal sage scrub. In addition, larger diameter root fragments concentrations of dissolved organic C and N. Generally, less typical of California sage have been found in soil pits excathan 5% of total dissolved C was inorganic C, so all of the C vated on annual grassland slopes in the study area (Gabet, measured after digestion was assumed to be organic C. The unpublished data, 2000), indicating that these slopes were once concentrations of nutrients removed in runoff were obtained covered by sage scrub vegetation.
by subtracting the nutrient concentrations in the applied water from that in collected runoff.
Rainfall Simulations
We constructed a rainfall simulator capable of sprinkling
Runoff and Erosion Modeling
a 6-ϫ 2.5-m plot with realistic raindrop sizes and terminal velocities (Dunne et al., 1991; Gabet and Dunne, 2002) . Water The numerical model, described in detail in Gabet and Dunne (2002) , calculates the rate of sediment detachment from rainwas obtained from a nearby deep well and transported to the site in a stainless steel tank. Applied rainfall intensities varied drop impact. With the field data, the model can be applied to calculate sediment-bound nutrient loss as the product of marily of fine roots, moss, and lichens. We hypothesize sediment detachment rate and the percent C and percent N that the high porosity of this biotic crust layer is responin the sediment.
sible for the high infiltration rates in coastal sage scrub Rain power is the time derivative of the kinetic energy of soils. Biotic crusts of similar morphology are common rainfall and incorporates rainfall, ground cover, and hillslope in other semiarid sagebrush habitats (Johansen, 1993) .
angle so that: West (1990) and Eldridge (1998) 
[1] porous biotic crusts can dramatically reduce surface runoff volumes by increasing infiltration rates.
where R ϭ rain power (W m grazing may affect surface runoff generation and associSediment detachment rate can be expressed as a product of rain power and a dimensionless attenuation function that ated nutrient loss. To investigate this, we conducted accounts for the dampening of raindrop impact by water on rainfall simulations on two plots before and after disturthe surface (Gabet and Dunne, 2002 coupled to a flow-routing algorithm to calculate flow depths for the attenuation function and can predict sediment loss for
The effect of the trampling was considerable. Infiltraentire lengths of hillslopes (Gabet and Dunne, 2002 to biotic crusts has been observed elsewhere (Eldridge, 1998; Belnap, 1995) . However, other studies have found no discernible effect of biotic crust cover on soil hydrau-
RESULTS AND DISCUSSION
lic properties (Eldridge et al., 1997; Infiltration Capacities on Sage Scrub Hillslopes 1999). Regional differences in soil characteristics and Nutrient loss by overland flow only occurs on hillcrust composition make it difficult to develop a general slopes where surface runoff can be generated. On hilltheory relating biotic crust cover to soil hydrological slopes such as those studied here, overland flow occurs properties. when the precipitation is greater than the infiltration capacity (i.e., Horton infiltration excess). Therefore, in-
Infiltration Capacities on Grassland Hillslopes
filtration capacity is the first-order control on nutrient Infiltration capacities on the grassland plots were transport by surface runoff. much lower than for sage scrub plots, generally ranging Despite applied rainfall intensities of 140 mm h Ϫ1 , no from 30 to 50 mm h Ϫ1 during the summer dry seasons overland flow was generated on undisturbed sage scrub when the rainfall simulations were conducted for this plots. Even after the removal of all vegetation and surstudy. Infiltration capacities were measured on a few face litter from the plots, rainfall simulations failed to grassland plots during the winter and were much lower, yield any surface runoff. This indicates that the infiltraranging from 5 to 10 mm h
Ϫ1
. This substantial seasonal tion capacities of the soils in the sage are sufficiently difference is probably due to the swelling of the smectitic high to absorb natural rainfall, preventing surface runoff clays during the wet winter months. Since approximately and associated nutrient losses. Although no wet season 10% of the recorded 1-h rainfall intensities are greater rainfall simulations were conducted on sage scrub plots, than 5 mm h Ϫ1 (Figueroa Mountain Ranger Station, there is no evidence for surface runoff during even the National Oceanic and Atmospheric Administration most intense winter rainstorms.
[NOAA], 5 km from site), the generation of overland Careful inspection of the mineral soil under coastal flow on these hillslopes during the winter is infrequent, sage scrub vegetation reveals a laterally extensive and continuous 1-to 2-cm-thick biotic crust, composed pribut not rare.
Rainfall Intensity and Loss Rates of Dissolved Nutrients
On grassland plots there was no systematic variation in rates of dissolved nutrient losses with respect to hillslope vegetation cover or slope (r 2 Ͻ 0.2 in all cases, for cover and slope versus NH ϩ 4 , NO Ϫ 3 , organic N, and organic C losses). We expected a relationship between rainfall intensity and rates of dissolved nutrient losses since studies have shown that raindrop impact is important in mixing surface runoff with pore water (Ahuja, 1990; Ahuja and Lehman, 1983) . Surprisingly, only NO Ϫ 3 loss rates (mg N m Ϫ2 s Ϫ1 ) were influenced by rain- Comparisons of the rates of dissolved nutrient losses lead to higher rates of dissolved losses. These apparently with the rainfall simulations and the flow simulations contradictory results suggest that, with the exception of (Fig. 2) conducted on the same plots show that NO Ahuja and Lehman (1983) and Ahuja (1990) , but port suggests that rainfall simulation experiments may conflicts with the insensitivity of dissolved losses to rainoverestimate NO Ϫ 3 losses in runoff. The high rainfall fall intensity (with the exception of NO Ϫ 3 ). The simulator intensities used in this and other rainfall simulation studreproduces natural rainfall characteristics so that higher ies (60-120 mm h Ϫ1 [Barisas et al., 1978] , 140 mm h Ϫ1 intensities are associated with larger raindrops and [Schlesinger et al., 1999] 
Vegetation Type and Dissolved Nutrient Losses
The average loss rates for dissolved N and C for the two trampled sage plots and the nine grassland plots are shown in Fig. 3 . The trampled sage plots lost significantly more organic C (P ϭ 0.02), but substantially less NO tions that would develop after a season of rainstorms.
the assumption that grazing intensity is the dominant control on grass cover.
Any long-term organic C removal by runoff from coastal sage scrub plots is likely to be of lower magnitude. forms. This study is similar to others that have found that a substantial fraction of the N exported from waterfore, no equivalent model was used to predict rates of sheds is in dissolved organic forms (Hedin et al., 1995; dissolved losses. McDowell and Asbury, 1994) . On average, 75% of the We did three sets of modeling experiments to: (i) dissolved inorganic N measured in runoff was in the investigate the effects of land-use strategies on nutrient form of NO Ϫ 3 (Fig. 2) . The high cation exchange capacity transport, (ii) investigate the effect of climate on nutriof these soils (Gessler et al., 2000) presumably retards ent transport, and (iii) estimate the annual loss of sedithe movement of positively charged ions, such as NH ϩ 4 , ment-bound C and N. Grazing or other land-use changes from the soil surface.
Grazing
directly affect sediment and associated nutrient loss by controlling the density of vegetation cover (C v in Eq.
[1]).
Sediment-Bound Nutrients
A series of model simulations was performed with a range of values for C v , while holding all other parameters Loss rates of sediment during flow simulations were constant. Sediment-bound nutrient losses are also sensiseveral orders of magnitude less than during rainfall tive to rainfall intensity (i in Eq.
[1]) so, to predict loss simulations, indicating that raindrop impact is essential rates of nutrients under various rainfall intensities, a for soil particle detachment (Gabet and Dunne, 2002) . second series of model simulations was performed by For this reason, we only present sediment-bound nutrivarying rainfall intensity with all other parameters held ent loss data from the rainfall simulations.
constant. Finally, the model was run to simulate an There was little variability between rainfall simulaentire year of rainstorms based on regional precipitation tions with respect to the percentages of C and N in records (Figueroa Mountain Ranger Station) . For all the sediment collected, so values were averaged for all rainfall simulations according to vegetation type. The model runs, we assume that the percentages of C and percentages of C and N in the trampled sage plots were N in the sediment are constant. Parameter values for 13.4 (SE ϭ 1.25) and 0.9 (SE ϭ 0.08), respectively. the runs are listed in Table 2 . The percentages for the grassland plots were lower, 6.4 Figure 4 shows the model estimates of C and N loss (SE ϭ 0.07) and 0.7 (SE ϭ 0.01) for C and N, respecin sediment by surface runoff over a range of vegetation tively. The higher percentages of C and N in sediment cover densities. As expected from Eq.
[1], decreases in from the trampled sage scrub plots are probably due vegetation cover result in greater losses of sedimentto the large amounts of biotic crust and other organic bound nutrients. Likewise, sediment C and N loss from detritus broken up by the trampling. As mentioned above, this probably represents an initial flush of organic matter and subsequent surface runoff events would transport sediment with lower organic matter concentrations.
The data presented above give us an estimate of the proportional losses of C and N forms from plots; by incorporating sediment loss results from the plot experiments into a numerical model we can predict rates of sediment-bound nutrient losses for an entire hillslope. The sediment loss data are only useful when incorporated into a model since the applied rainfall intensities were generally higher than natural rainfall intensities, resulting in unnaturally high sediment detachment rates. The model was only applied to annual grassland plots because overland flow does not appear to occur on undisturbed hillslopes vegetated by coastal sage scrub. solved load in the runoff are poorly understood, there-0.05 in all cases) in the winter compared with the summer (data not shown). High dissolved organic C and N concentrations may be associated with the first rainfall events of the season (Fisher and Grimm, 1985) , which would explain the large dissolved organic nutrient losses observed with the summer rainfall simulations. Extractable NH ϩ 4 and NO Ϫ 3 levels in the grassland soils are generally 75% lower in the winter than in the summer (Fierer, unpublished data, 2001 ), a change reflected in the seasonal differences in the dissolved losses of NH ϩ 4 and NO Ϫ 3 in runoff. Therefore, by conducting the rainfall simulations during the dry season, we may have overestimated dissolved N and C losses during winter storms. However, our estimates of losses of dissolved nutrients by overland flow are applicable to the first rains of the season or summer portion of total nutrient losses. The dominance of sediment-bound nutrient losses over solute losses has been hillslopes is directly related to rainfall intensity (Fig. 5) .
noted in other studies (Barisas et al., 1978 ; Lowrance These model results imply that regional stream water and Williams, 1988). quality may be altered by the predicted increases in average rainstorm intensities in the future (Easterling, 1990; Houghton et al., 1990) .
CONCLUSION
On an annual basis, the model predicts average sediIn the Central Coast region of California, hillslope ment-bound nutrient losses of 0.2 g m Ϫ2 yr Ϫ1 of C and vegetation type has a strong effect on the loss rates of 0.02 g m Ϫ2 yr Ϫ1 of N. Over a five-year period, Castillo C and N in surface runoff. We performed rainfall simulaet al. (1997) quantified the amount of sediment lost in tion experiments to investigate the processes involved surface runoff from a natural, undisturbed plot in a in runoff generation and the associated nutrient losses. semi-arid region of Spain. The climate and vegetation Even with very high rainfall intensities, the simulations of this area are similar to those found in the Central failed to generate any surface runoff on sage scrub plots. Coast of California. If one assumes the percentages of However, after light trampling, infiltration capacities C and N in the soil (as reported in Castillo et al., 1997) were lowered enough to generate surface runoff. Results are the same as that in their collected sediments, we from the grassland plots were incorporated into a hillcan calculate average rates of sediment-bound nutrient slope-scale runoff and erosion model to estimate sedilosses from their plot of 0.53 g C m Ϫ2 yr Ϫ1 and 0.036 g ment-bound nutrient losses under natural conditions. N m Ϫ2 yr
Ϫ1
. These estimates are higher but of the same The model results show that for annual grasslands, a order of magnitude as our model predictions. decrease in vegetation cover or increase in rainfall intensities (as predicted by climate change models) could
Seasonal Considerations
increase loss rates of soil nutrients and decrease regional In the study region, the majority of large rainstorms stream water quality. The historical loss of coastal sage occur in the winter when soils are generally moist from scrub habitat and the subsequent conversion to annual previous rainstorms. The majority of the data used in grasslands have resulted in an increase in soil C and N this study were obtained from rainfall simulations conloss from hillslopes in the region. ducted during the summer, on soils that had received no antecedent rainfall for at least two months. To deter- Gifford, G., and F. Busby. 1973 . Loss of particulate organic materials
